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The two state allosteric model of Monod, Wyman and Changeux [1]
is an elegant and effective theory to account for regulation and control
in functional proteins. It was conceived starting from experiments
carried out at the Institut Pasteur in Paris (1959 to 1963) on the enzyme
L-threonine deaminase by Jean-Pierre Changeux for his PhD thesis with
Jacques Monod. The conceptual evolution of the allosteric theory of
regulation of the enzyme activity was summarized by Changeux [2]. The
contribution of Jeffries Wyman began with a series of discussions and
meetings withMonod. A historical account by Henri Buc [3] outlining the
interactions between the two in writing this famous paper is worth
reading not only because it is a rigorous and interesting summary of the
events between1963 and1965but also because it touches the conceptual
essence of the theory. In the conclusions of that paper, Dr. Buc writes:
“From simple postulates, that were counter-intuitive at the time, an
elegant model is derived, predicting the most concerted transition
that could possibly arise at equilibrium in regulatory enzymes and,consequently, the most drastic effects that stereospeciﬁc ligands
could possibly trigger. But part of the seduction of the paper rests also
on its speculative character. Proteins are considered there not only as
transducers working close of to their theoretical limit of efﬁciency,
but also as historical objects that evolution has optimized. In its two
facets, radiant and convincing, or speculative and questionable, the
article bears Monod's label, an amateur in physico-chemistry, a
visionary in so far as molecular Darwinism is concerned.”
The paradigmatic system to apply the theory of allosteric
regulation was obviously hemoglobin. The well-known cooperative
effects in the binding of O2 to tetrameric Hb (the “heme–heme
interactions”) and the control of afﬁnity by pH (the classical “Bohr
effect”) made Hb ideal to test the applicability of the theory [4–6].
Structural information, originated from the crystallographic work of
M. F. Perutz and co-workers [7,8], showed that the four hemes are
separated by a large distance (~30 Å) and that the protein can
populate two different quaternary states. Therefore it seemed obvious
to postulate that a global conformational change of the tetramer
would be the basis of the heme–heme interactions and the Bohr effect,
as anticipated with remarkable insight by J. Wyman [9].
In a nutshell, the idea of two quaternary states populated at every
level of ligand saturation became the basic concept of the theory as
captured by the formalism that led to themathematical formulation of
the allosteric model (see Fig. 1). The essentials of an allosteric system
can be depicted by the energy level diagram shown in Fig. 2. It may be
seen that at every level of saturation from 0 to 4, Hb exists in two
different conformational states, the T state being dominant in the
Fig. 2. Two states energy level diagram for tetrameric hemoglobin, showing the main
pathway of ligation, with a switch over point between 2 and 3 ligands bound.
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saturated. The effect of the ligand is therefore to select among pre-
existing quaternary states of deoxygenated Hb, which highlights the
concept that the allosteric model is based on a selective mechanism,
the conceptual basis of Darwin's evolutionary theory.
The publication of the MWC model was followed by very exiting
and hot scientiﬁc debates. A large array of biophysical and bio-
chemical techniques was employed to test the applicability of the
model to tetrameric human Hb under a variety of experimental
conditions. Perutz was captivated by the basic idea of allostery, but by
carefully comparing the 3D models of liganded Hb and deoxy Hb, he
realized that some modiﬁcation was necessary. Thus in 1970 he
presented a detailed structural model [7] postulating (i) that salt
bridges between and within the subunits had a fundamental role on
the stability of the low afﬁnity allosteric state and (ii) that a pathway
for transmission of the structural changes from the heme iron across
the α1β2 interface can actually be identiﬁed (see Section 2).
Sophisticated experiments and theoretical analysis on the structure,
equilibria and kinetics of normal andmutant Hbs were published in the
years to follow [reviewed in 5,8–11]. Soon it became obvious that the
MWC in its simplest idealized formulation was not applicable under all
experimental conditions; sufﬁce it to recall the work by K. Imai [12,13]
showing the afﬁnity of the T state to be pH-dependent; andmany other
papers along theway. The analysis by Szabo and Karplus [14] presented
a quantitative interpretation of the role of the (tertiary and quaternary)
salt bridges identiﬁed by Perutz in the crystallographic structure. At the
same time the properties of many different Hbs from vertebrates and
invertebrateswere studied indetail [15]. These investigations illustrated
the variations on the theme, the conformational changes of the protein
being crucial in controlling afﬁnity and regulating cooperativity.
In this short review we focussed on the point that understanding
the behavior of Hb at large and its consistency with allostery impliesFig. 1. The basic equations of the MWC model: this set of equilibria handwritten by
Jacques Monod himself are from a manuscript conserved in the archives of the Institut
Pasteur.
(Reproduced with permission from H. Buc: Interactions between Jacques Monod and
JeffriesWyman (or the burdens of co-authorship), Rend. Fis. Acc. Lincei 17 (2006) 31–49).explaining to what extent quaternary and tertiary structural changes
are both involved in controlling ligand binding, the intrinsic O2 afﬁnity
being dictated locally by the amino acids in the immediate
environment of the heme (as proven beyond doubt by work on the
myoglobin mutants[16] and references therein). The interplay
between tertiary and quaternary effects can account by-and-large
for the allosteric properties of many different Hbs. In what follows we
illustrate the consistencies and the limits of the MWC model applied
to two different ﬁsh Hbs, one being totally devoid of heterotropic
effects (trout Hb I), and the other (trout Hb IV) completely dominated
by huge heterotropic effects and large tertiary contributions. We feel
these examples may illustrate how tertiary and quaternary effects
may come into play to respond to the selective pressure demanded by
speciﬁc physiological requirements and may contribute to set a
general landscape for a recently proposed quantitative allosteric
model based on kinetics [17].
2. Allosteric theory
The two-state model [1] introduced the concept of allostery
(literally “other three-dimensional shape”) to explain cooperativity
and postulated that cooperative proteins are symmetric oligomers
stable in (at least) two alternative quaternary conformations with
different ligand afﬁnity. Functional symmetry was presented as a key
concept of the model, implying that any ligand-linked tertiary
conformational change of one subunit tends to be mirrored by the
unliganded subunits. Thus, because of symmetry, liganded subunits in
the oligomer tend to stabilize the liganded-like, high afﬁnity
quaternary conformation of the whole protein, that in turn tends to
force the unliganded subunits into the same tertiary structure of
liganded ones. The “interaction” between subunits is not direct but is
mediated by the all-or-none quaternary conformational change, that
keeps all subunits in the same afﬁnity state, be it high or low.
The low afﬁnity quaternary conformation of the macromolecule
was called T (for tense) and the high afﬁnity one R (for relaxed). The
actual afﬁnities for the ligand, i.e., the equilibrium constants for ligand
Fig. 3. Schematic representation of the hemoglobin tetramer, showing the relative
topology of the α and β chains (α1α2β1β2); the two views below are looking down the
pseudo twofold axis. The quaternary conformational change consists of a rotation of the
symmetrically related αβ dimers by~15° relative to each other and a translation
of~0.1 nm along the rotation axis.
(Modiﬁed after W.A. Eaton, E.R. Henry, J. Hofrichter and A. Mozzarelli: Is cooperative
binding by hemoglobin really understood? Nature Struct. Biol. 6 (1999) 351–358).
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respectively, are deﬁned as:
KT =
THb
h i
O2½ = THbO2
h i
ð1Þ
KR =
RHb
h i
O2½ = RHbO2
h i
ð2Þ
where KRbb KT. The ratio KR/KT is called c and is lower than unity;
under most experimental conditions for human Hb, 0.01NcN0.001.
Expressed as free energy of interaction this yields ΔF=−RT ln(c)
which represents the energy that the quaternary assembly pays to
lower the afﬁnity of the R state of the subunits to that of the
unliganded T state tetramer [4].
The two quaternary conformations are in equilibrium irrespective
of the presence or absence of the ligand (Fig. 2), as dictated by the
allosteric equilibrium constant L0:
L0 =
THb
h i
=
RHb
h i
ð3Þ
Cooperativity, the apparent increase of ligand afﬁnity as ligation
proceeds, is not present in either the T or the R structures and is
attributed to the progressive increase of the population of the high
afﬁnity R state of the macromolecule induced by saturation. In
mathematical terms, this is expressed as the dependence of the
allosteric equilibrium constant L on the number of ligands bound,
according to:
Ln = L0c
n ð4Þ
This equation implies that L monotonously diminishes as the
number of ligands bound to the protein (n) increases, as depicted by
the energy level diagram Fig. 2. In order for the model to explain
cooperativity two additional requirements have to be satisﬁed, i.e.,
L0≫1 (in the absence of the ligand the low afﬁnity quaternary state
must be more populated than the high afﬁnity one) and L4≪1 (when
Hb is fully saturated with the ligand the high afﬁnity state must
prevail). The “switch over point”, i.e., the number of ligands required
to achieve [RHbX]=[THbX], can be calculated as
x = −log L0 = log c:
The two-state model makes strict predictions, i.e., both quaternary
conformations should be always populated, irrespective of the
number of ligands bound; and any ligation intermediate amenable
to 3D structure determination should ﬁt either the T or the R
quaternary structures. In the case of Hb these predictions have been
fulﬁlled to a surprising extent; a more thorough description of the
agreement or disagreement between the model's predictions and the
experimental data, including the problem of the R2 structure, can be
found in Bellelli [11].
The 3D structures of liganded and unliganded Hbs were ﬁrst
published by M.F. Perutz and coworkers. Perutz realized that these
structures represented the strongest evidence for the validity of the
allosteric model and proposed a detailed stereochemical mechanism
to describe the allosteric transition and to rationalize the differences
in stability between oxy- and deoxy Hb [7]. The essential features of
Perutz's stereochemical mechanism are as follows: (i) the macromol-
ecule is composed by two symmetric αβ dimers (these are called the
α1β1 and α2β2 dimers), the intersubunit interface being contributed
the helices B, G and H of each subunit; (ii) only two quaternary states
are detected, one characteristic of liganded (or oxidized), the other of
unliganded Hb; (iii) the two allosteric states differ because of a sliding
and rotation of one dimer over the other, each dimer maintaining
essentially the same structure (Fig. 3). Perutz identiﬁed two groups of
determinants of the quaternary structure: i.e., the contacts at theinter-dimer interface (the α1β2 interface, contributed by the C helix
and the FG corner of each subunit), and those of the C termini of each
subunit, which are disordered in the structure of liganded RHb and are
locked by ionic interactions (salt bridges) in unliganded THb [7,8,18].
The structural data listed in Table 1 include (a) a marker of the
tertiary structure of the α and β subunits, i.e., the distance between
two residues of the same subunit located at the ends of the C helix and
of the FG corner respectively (these being the two arms of the
“cooperative” α1β2 inter-dimeric interface), (b) a marker of the
structure of the α1β1 dimer, i.e., the distance between the ends of the
FG corners of the α and β subunits of the same dimer; and (c) a
marker of the quaternary state (the distance between the heme irons
of two identical subunits). These data show that (i) there are two
well-distinguished structures of Hb, corresponding to the low (T) and
high afﬁnity (R) conformations with essentially no intermediate
structural states; (ii) the number of ligands bound is not the principal
determinant of the afﬁnity; rather, under any ﬁxed set of experimen-
tal conditions, the afﬁnity is determined principally by the quaternary
structure. The linkage between the structural parameters listed in the
table is as follows: the T quaternary assembly imposes a tertiary
conﬁguration of each subunit in which the FG corner is forced in the
direction of the C helix; this stretches the F helix and contributes to
pull the iron out of the heme plane via its covalent bond with the
proximal His (the invariant 8th residue of the F helix); as a result, the
O2 afﬁnity is lowered. Oxygenation of one subunit causes the iron to
move towards the heme plane, lifting the proximal His; this
movement would cause the FG corner to move away from the C
helix, and closer to the FG corner of the other subunit within the same
dimer. The widening of the C-FG and the closing of the αFG-βFG
distances, however, is only possible if the quaternary structure
switches from T to R, with a large relative motion of one αβ dimer
with respect to the other (as monitored by the Fe–Fe distances) (see
Fig. 3). Conﬂict between two opposite tendencies is therefore in action
in Hb, the quaternary assembly by itself favoring the T structure by
forcing the iron out of the heme plane, while the binding of a ligand
pulls the iron towards the heme plane favoring the otherwise less
stable R state.
The connection between the ligation state of the iron and the
quaternary structure of the protein is mediated by theα1β2 interfaces,
contributed by the C helix and FG corner of each subunit (see Fig. 4). In
the absence of the constraining quaternary interactions, as in
Table 1
A selection of structural and functional parameters on the allosteric properties of Hb.
Hb derivative PDB code αC6-FG4 βC6-FG4 αFG4-βFG4 β1Fe-β2Fe P50 (mm Hg)
Human deoxy (T) 2HHB 9.73 9.66 31.74 39.5 41.5(a)
Human deoxy (T) 2DN2 9.71 9.66 31.76 39.5 idem
Human αNi βFeCO (T) 1NIH 9.88 9.73 31.67 40.0 44(b)
Human oxy (T) 1GZX 9.70 9.84 31.78 39.8 150(c)
Trout Hb1 deoxy (T) 1OUT 9.88 9.53 32.73 39.1 148 (d)
Tuna deoxy (T) pH 7.5 1V4W 9.68 9.15 33.12 38.99
Tuna deoxy (T) pH 5.5 1V4X 9.44 9.19 32.95 38.88
Human oxy (R) 2DN1 10.38 9.91 29.05 34.9 0.3(e)
Human CO (R) 2DN3 10.38 10.04 29.25 35.0 idem
Human CO (R2) 1BBB 10.28 10.49 28.58 34.33 idem
Human CO (R3) 1YZI 10.4 10.94 27.49 30.7 idem
Horse deoxyBME (R) 1IBE 10.11 10.27 29.91 34.3 R-like (f)
Horse CO BZF (R) 1IWH 10.61 9.86 29.79 34.7 0.4(g)
Trout Hb1 CO (R) 1OUU 9.92 9.96 31.05 33.3 4.2(d)
Tuna Hb CO (R) 1V4U 9.75 10.22 28.9 34.39
Sperm whale deoxy Mb 1A6N 10.80
Sperm whale CO Mb 1MBC 10.69
αC6-FG4 is the distance (in A) between the Cαs of residues at topological positions C6 and FG4 in the same α subunit, according to the notation of Lesk and Chothia [21] (e.g., Thr41α1 and
Val93α1 in human Hb); βC6-FG4 is the distance (in A) between the Cαs of residues at topological positions C6 and FG4 in the same β subunit (e.g., Arg40β1 and Val98β1 in human
Hb);αFG-βFG4 is thedistance(inA)betweentheCαsof residuesat topologicalpositionsαFG4andβFG4in thesameα1β1dimer(e.g.,Val93α1andVal98β1 inhumanHb);β1Fe-β2Fe is thedistance
(in A) between the heme irons of the two β subunits of the same tetramer; p50 is the O2 partial pressure (inmmHg) required to achieve half saturation of the indicated R- or T- state Hb derivative.
Experimental conditions for the determination of p50 for O2: (a) lower asymptote of the O2 binding isotherm of HbA at pH 7.4, 0.1 M chloride ion and T=25 °C (from Table 7.3 of Imai
[13]). (b) The Ni-Fe mixedmetal hybrid Hbs that contain a Ni protoporphyrin IX in one type of chain and the heme in the other canmimic the doubly liganded derivatives of Hb given
that Ni does not bind the heme ligands. Similar experiments were carried out using Co, Mn and Zn. The p50 for O2 was measured at pH 7.5, 0.1 M chloride ion and T=25 °C [24];
notice that the corresponding structure (1NIH) is obtained using CO rather than O2 as a ligand. (c) Crystals of THb, pH 7.2 (from [25]); the corresponding structure (1GZX) was
obtained by Paoli et al. [26] by allowing O2 to diffuse through crystals of deoxy THb obtained with PEG; the crystal lattice forces prevented the allosteric structural change. (d) pH 7.0,
0.1 M phosphate and T=20 °C [27]. (e) Higher asymptote of the O2 binding isotherm of HbA at pH 7.4, 0.1 M chloride ion and T=25 °C (from Table 7.3 of Imai[13]). (f) The O2-
afﬁnity of RHb crystals was never measured; however, their reactivity with CO was measured by photolysis and found to be R-like (conditions: 2.5 M phosphate buffer pH 6.5,
T=26 °C, photolysis 60%[28]); notice that the structure of unliganded RHb is obtained using BME-reacted horse ferric Hb that was reduced to ferrous after crystallization, whereas
the CO rebinding time course was recorded using crystals of unmodiﬁed horse RHb. (g) The value is for human Hb at pH 7.4, 0.1 M chloride, 10 mM bezaﬁbrate [29], whereas the
structure of the complex of the effector with liganded RHb (1IWH) is obtained on horse HbCO.
Fig. 4. A schematic diagram showing themolecular contacts at theα1β2 interface, in the
T-state deoxy and the R-state oxy human Hb.
(Reproduced with permission from M.F. Perutz: Mechanisms of cooperativity and
allosteric regulation in proteins, Quart. Rev. Biophys. 22 (1989) 139–236).
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as it occurs when the T or the R states of Hb are in some way frozen
(e.g., by crystal lattice forces), the relative positions of the C helix and
the FG corner of each subunit are essentially insensitive to ligation. It
is also remarkable, and fully consistent with the picture sketched
above, that human Hb (and probably all others) can adopt several
different but all unconstrained quaternary structures (so-called R2,
RR2 and R3; see Bellelli [11] and references therein), which have high
O2 afﬁnity and Mb-like tertiary structural parameters (Table 1). In
conclusion, the stepwise ligation of the hemes in the macromolecule
is coupled to the all-or-none quaternary structural change, rather
than to equally stepwise and progressive structural changes in the
subunits or in the macromolecule as a whole.
The detailed relationships between the structures of the protein
and the heme and the O2 afﬁnity are complex and probably beyond
the scope of the present review; thus only the briefest hint will be
given here, and the reader is referred to more speciﬁc contributions
[14,19–22]. In the essence, the heme itself in complex with the
proximal His is an O2 sensor in so far as ligation is associated to a large
structural rearrangement. When unliganded the heme iron is ﬁve
coordinate and high spin, two conditions that stabilize its position out
of the porphyrin plane, and force a domed shape of the heme. Ligation
makes the heme iron six coordinated and low spin, favoring an in
plane position, and the ﬂattening of the heme. The ligation-dependent
motion of the iron in and out the heme plane is sensed by the protein
at the level of the proximal His [20] and the so-called allosteric core,
constituted by several residues of the F helix and the FG corner,
notably Val FG4 [21] (it is unfortunate that the exact length of the F
helix and the FG corner are not unequivocally assigned; we follow
here the notation introduced by Lesk and Chothia who assign 10
residues to helix F and 4 to the FG corner [22], even though in their
original paper Gelin and Karplus used a different notation and
identiﬁed the same residue as FG5). The tertiary structure of the
subunits within THb resists the ligand-linked motion of the heme,
whereas the opposite occurs within RHb [23].
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structural changes, is a good reason why the same stereochemical
mechanism applies to so many different Hbs (see Table 1). Crystals
proved very useful to prevent the quaternary structural change and to
characterize quantitatively the functional parameters of pure T state
[25]; somewhat later Hb trapped in silica gel vesicles provided
additional data for non-cooperative binding to the R and T states, the
gels preventing kinetically the quaternary allosteric change [30,31
and references therein].
Besides explaining cooperativity, the two-state model also
suggests an interpretation of heterotropic effects, i.e., the modulation
of the O2 afﬁnity by small molecules that bind at sites other than the
heme iron, based on a shift in the relative population of the two
allosteric state trough preferential binding of an heterotrophic
effector. For example for the Bohr effect the MWC model envisaged
the role of protons via preferential or exclusive binding to the T state.
This mechanism, that may be called “purely allosteric,” implies that
the effector biases the allosteric equilibrium (i.e., changes the value of
L0) but not the intrinsic afﬁnities of the T and R states. It was quickly
realized that often this ideal condition is not fulﬁlled, the majority of
effectors inducing a bias of the allosteric equilibrium as well as a
change in the afﬁnity of at least one of the two quaternary states, most
often T [32,33]. As a general rule, very few effectors bind preferentially
to RHb, and under most experimental conditions one may reasonably
assume that the effector binds only to THb and is released when the
allosteric structural change occurs. However, with unusually high
concentrations of powerful effectors, signiﬁcant binding to RHb has
been demonstrated.
The principal physiological effector of Hb is the hydrogen ion;
according to Perutz the most relevant O2 linked ionizable groups are
theα-amino group of Val1α and the imidazole residue of His146β [7].
The effect of pH in HbA is limited to lowering KT and increasing L0, no
effect on KR being reported. Other effectors, however, have a more
complex behavior; in particular organic phosphates (DPG, ATP and
IHP) and the derivatives of the antihyperlipemic drug bezaﬁbrate bind
preferentially to THb over RHb and thus increase L0; however, at high
concentrations they combine with both states, affecting their O2
afﬁnity to different extents [29,33]. A collection of O2 afﬁnities and
structural markers is reported in Table 1 to provide a ﬂavor of the
changes involved for different proteins.
Perutz [7] presented a detailed structural description of the
binding and release of heterotropic effectors. He pointed out that
some tertiary structural changes are expected to occur upon ligation
of each subunit (e.g., the breakage of the salt bridges of the liganded
subunit); but others (e.g., the contacts at the α1β2 interface) require
the all or none quaternary change (Figs. 3 and 4). Formation of the salt
bridges by ionizable groups (e.g., His146β) accounts for the Bohr
effect as a tertiary phenomenon and contributes to the difference in
thermodynamic stability between the R and T states. By contrast,
organic phosphates that are bound with a 1:1 stoichiometry in the
dyad axis of the tetramer in between the two β-chains [34], are
released during the conversion of unliganded THb into liganded RHb
which is associated to a shrinkage of the cavity due to the change in
quaternary structure. This mixture of ligation-dependent and alloste-
ric structural changes should not obscure the fact that Perutz's
stereochemical mechanism is indeed two-state and can be used to
deduce a true allosteric, two-state thermodynamic formulation, as
demonstrated by Szabo and Karplus [14]. The allosteric model
developed by these authors incorporates Perutz's hypotheses on the
role of the salt bridges, and traces the ligand-dependent decrease of
the allosteric constant (Eq. (4)) to their progressive breakage; it thus
includes a full explanation of the Bohr effect, under the assumption
that the free energy of the salt bridges contributes both to constrain
the O2 afﬁnity of THb and to stabilize the T quaternary conformation.
Indeed, if an effector binds to Hb and lowers its O2 afﬁnity, it should
combine with THb preferentially and thereby increase L0. Thus theobserved dependence of KT on pH, that is inconsistent with the
original idealized formulation of Monod et al. [1], is fully consistent
with the allosteric hypothesis developed by Szabo and Karplus.
In summary, a number of experiments conﬁrm that (i) coopera-
tivity is mainly linked to the quaternary allosteric structural change
and is absent if such a change is prevented; and (ii) RHb is high
afﬁnity, whereas THb is low afﬁnity. A problem however remains:
tertiary effects are surely present in THb and KT is dependent on the
presence of effectors (i.e., ligands binding at sites other than the heme
iron). The same is probably true of RHb as well, even though the
changes of KR are more difﬁcult to demonstrate. Thus, the quaternary
assembly of Hb is a powerful instrument to constrain the tertiary
structure of its subunits so to force a low afﬁnity state of the heme
iron, but it is not the only way to achieve this ﬁnal result and the FG
corner is not the only leverage to be moved: other tertiary effects may
be called into play by small molecules capable to bind to Hb.3. Canonical MWC accounts for the properties of trout Hb I
Trout Hb I is one of the components present in the hemolysate of
Salmo irideus, amounting to approximately 20% of the total pigment;
together with the so-called trout Hb II, which is essentially identical,
the two amount to approximately 40% of the total Hb [35,36]. The
functional properties of trout Hb I are outstanding insofar as ligand
binding is clearly cooperative [36,37] indicating allosteric behavior,
but no classical heterotropic effects have ever been detected (Fig. 5).
Thus pH and phosphates (either inorganic or organic such as DPG)
have no effect, and no other solvent components modify the O2
afﬁnity, except for a small effect of Na+[38].
Tame and collaborators [39] solved by X-ray crystallography the
3D structure of trout Hb I in the deoxy and the carbon monoxide
states. In spite of the low level of sequence identity between adult
human Hb and trout Hb I, the overall fold of the two proteins is very
similar indeed. Moreover the heme pocket of both the α and β chains
has a very similar conﬁguration in human and trout Hbs; the only
interesting and possibly signiﬁcant variation is the absence of a water
molecule in the heme pocket of the α chains in deoxy trout Hb I,
which is a characteristic feature of deoxy human Hb. It may be
relevant in addition to recall that there is no evidence for the presence
ofαβ functional heterogeneity as shown by extensive kinetic data and
spectroscopic measurements (including 13-CO high resolution NMR)
[40–42].
Quantitative analysis of the equilibrium and kinetic data takes
advantage of the fact that the protein has no tendency to dissociate
into αβ dimers even at very low concentrations (well below μM); this
is the case not only for deoxy but also for the liganded (CO) derivative.
The considerably greater stability of the liganded tetramer compared
to human Hb (KD~0.1 μM, compared toN4 μM) seems consistent with
the larger buried surface area between αβ dimers in the R state of
trout Hb I (N350 A2 in trout Hb I-CO). Additional stability may
originate from extra bonds contributed by two Phe-to-Tyr mutations
and altered α1β1 interface, according to Tame et al. [39]. The same
structural peculiarities may also account for the surprising thermal
stability of trout Hb I, which may be kept functional at least with CO
up to 70 °C and above [41].
Cooperative effects in the binding of O2 are clearly documented by
the data depicted in Fig. 5 showing the asymptotic values yielding a
reliable estimate of KT and KR. The overall free energy of interaction, as
deﬁned by Wyman [4], is approx. 2 kcal/site, a value somewhat
smaller than that typically observed for HbA at pH 7 (ΔF, ~ 3 kcal/site)
[5]. Similar data were obtained also for the binding of CO. The shape of
the O2 binding curve, ﬁtted to the classical MWCmodel, indicates that
the quaternary T to R switch occurs at an average saturation of two
sites per tetramer. The parameters of the model are summarized in
Table 2.
Fig. 5. Hill plots for the binding of O2 to trout Hb I at pH 7.6 (closed circles) and pH 6.8
(open circles) in 0.2 M bis–tris buffer and 4 °C, as obtained by the thin layer dilution
method.
(Reproduced with permission from M. Brunori, B. Giardina, A. Colosimo, M. Coletta, G.
Falcioni and S.J. Gill: Thermodynamics and kinetics of the reactions of trout Hb I with O2
and CO, In “Hemoglobin and Oxygen Binding”, C. Ho ed. Elsevier North Holland Inc.,
1982).
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conﬁguration in going from T0 (deoxy) to R4 (oxy or CO) (see [7,8,18]),
is preserved in troutHb I [39]. Theprincipal switch region, involving theβ
FG corner and the α C-helix, is also maintained (see Table 1) accounting
for the cooperative ligand binding. However the difference in stability
between T0 and R0 as indicated by the value of L0 is somewhat smaller
compared to humanHb (see comparison of data in Table 2). This is not at
all strange given that in trout Hb I ligand afﬁnity is pH independent.
The absence of Bohr effect in O2 and CO binding is proven. The
shape and position of the binding curve are pH independent over a
wide range, as shown also in Fig. 5. Moreover a set of calorimetric
experiments [43,44] has shown convincingly that no Bohr protons are
being liberated upon binding of CO. Addition of organic phosphates
(DPG or IHP) has no effect on the O2 binding isotherm, and it was
concluded that binding of polyanions is negligible with both oxy (or
CO) and deoxy trout Hb I. Very small shifts in O2 afﬁnitywere detected
by addition of chloride, inorganic orthophosphate and sodium cation,
the overall effect being however insigniﬁcant [36,38].
The lack of heterotropic effects has been correlated with the
structural information available on the groups involved in the Bohr
effect and those binding DPG in the dyad axis of tetrameric human Hb
[7,34]; this comparison is reported in Table 3. It may be seen that in
trout Hb I, His148β is substituted by Phe and the α-amino group of
Val1α is acetylated; His122α, presumed to contribute to the alkaline
Bohr effect in human Hb, is present in trout Hb I [45] but clearly not
ligand-linked. Also the lack of effect of DPG and other polyphosphates
on the ligand binding to trout Hb I [36,40,46] is fully understood based
on chemical information reported in Table 3; none of the groups
involved in the binding of DPG is present in trout Hb I.Table 2
Equilibrium constants for the reaction of trout Hb I with O2 and CO at 20 °C and pH 7.0.
Ligand KR (1 mol−1) KT (1 mol−1) L0
O2 2.6×105 6.5×103 2.9×105
CO 1.7×107 3.8×105 3.0×105
The parameters refer to the reaction of a molecule of ligand with a single site in a T or R
quaternary state. The equilibrium constant for the allosteric transition is also reported.As pointed out years ago, this simple and straightforward consider-
ation is probably the best evidence in support of the identiﬁcation by
Perutz of speciﬁc groupof residues responsible for the Bohr effect and the
binding of DPG. All the amino acids proposed to be crucial in human Hb
are different or modiﬁed in trout Hb I, and the corresponding functional
effects are lacking.
These considerations, vis-à-vis the presence of homotropic in-
teractions in the binding of both O2 and CO, allow to conclude that the
(intra- and inter-chain) salt bridges are not mandatory nor unique to
account for the difference in stability between the two quaternary
states of Hb, and thus the allosteric control is operative even in the
absence of heterotropic effects. Nevertheless it is rewarding and in
fact expected that the overall difference in stability between T0 and R0
is smaller in trout Hb I by a factor of approximately 10- to 100-fold
given the lack of contribution of the salt bridges.
To test the applicability of the canonical MWC model to the
allosteric behavior of trout Hb I, an extensive investigation of the
thermodynamic properties of ligand binding was undertaken. The
temperature dependence of overall O2 afﬁnity is very small, with an
enthalpy change close to zero (once corrected for the heat of solution
of O2) [3]; equilibrium experiments were tested for consistency with
the MWC model [4,43]. The thermodynamic cycle for the binding of
O2 to trout Hb I and the associated allosteric transitions is shown in
Fig. 6. The enthalpy change for the binding of O2 to the R state falls
within the range typical of other hemoproteins (e.g., for sperm whale
Mb, ΔH=−11 kcal/mol) [5]. On the other hand, binding of O2 to the
T state is peculiar insofar as the enthalpy change is close to zero; a
detailed structural interpretation of this type of temperature response
is not available. The quaternary conformational transition (T0-to-R0)
is associated to a large enthalpy change (approximately 29–
34 kcal/tetramer), implying that the relative population of the two
states is strongly temperature-dependent, and accounting for the
strong dependence of the shape of the ligand-binding curve on
temperature, which is in contrast to the behavior characteristic of
human Hb [5].
The thermodynamic parameters allow one to predict that around
75–80 °C the two states (T0 and R0) should be equally populated since
the increase in temperature favors R0 and thus the binding curve
should be non-cooperative (n=1) [44]. This prediction has been fully
conﬁrmed by performing CO binding kinetic experiments from~15
to~75 °C, by partial and total ﬂash photolysis [41]. The thermal
stability of trout Hb I has also been exploited by Hofrichter et al. [47],
who carried out an extensive quantitative investigation by laser
photolysis and tested to a high degree of accuracy the applicability of
the simplest allosteric model; the switch-over point was estimated to
be just below an average of 2 ligands bound per tetramer.
4. Trout Hb IV: overwhelming tertiary effects
The response of some ﬁsh Hbs to heterotropic ligands is very large
and oftenmarkedly different from that ofmostmammalianHbs.While
in human Hb the Hill coefﬁcient n remains close to 3 or just below and
is only slightly dependent on pH, inmany ﬁsh Hbs it drops to unity and
even less below pH 6.5. This progressive decrease in cooperativity in
going to acidic pH is due to the ligand-linked inhibition of the allostericTable 3
Residues involved in the Bohr effect or in the binding of DPG.
HbA Linked to Hb trout I
α Chain Val 1 BE Ac-Ser
His 122 BE His
β Chain His 2 DPG Glu
Lys 82 DPG Leu
His 143 DPG Ser
His 146 BE Phe
Fig. 6. Thermodynamic parameters for the binding of O2 to trout Hb I and the coupled
allosteric transition. Enthalpy and free energy changes are expressed in kcal/mole of
tetramer.
(Reproduced with permission from M. Brunori, B. Giardina, A. Colosimo, M. Coletta, G.
Falcioni and S.J. Gill: Thermodynamics and kinetics of the reactions of trout Hb I with O2
and CO, In “Hemoglobin and Oxygen Binding”, C. Ho ed. Elsevier North Holland Inc.,
1982). Fig. 7. Oxygen binding curves of trout Hb IV at different pH values (indicated) in 0.05 M
bis–tris buffer and 14 °C, as obtained spectrophotometrically employing a high pressure
cell up to 24 atm of pure O2. The level of met-Hb was controlled by the use of a reducing
enzymatic system.
(Reproduced with permission fromM. Brunori, M. Coletta, B. Giardina and J. Wyman: A
macromolecular transducer as illustrated by trout hemoglobin IV, Proc. Natl. Acad. Sci.
USA 75 (1978) 4310–4312).
Fig. 8. Dependence on pH of the Hill coefﬁcient at 50% saturation (n1/2) as obtained
from O2 equilibrium curves of trout Hb IV at 20 °C and 0.1 M phosphate buffer (open
circles). The dependence on pH of the allosteric equilibrium constant calculated from
the average Hill coefﬁcient is shown as an interrupted line.
(Reproduced with permission from M. Brunori: Molecular adaptation to physiological
requirements: the hemoglobin system of trout, Curr. Top. Cell. Regul. 9 (1975) 1–39).
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Root effect [48–50]. Cooperativity is characteristically just above n=2
near neutral pH and inmany, but not all ﬁsh Hbs,may fall somewhat at
higher pH. The physiological role of this exaggerated type of the Bohr
effect is that of pumping O2 in the swim bladder, against high
hydrostatic pressures, in order tomaintain the neutral buoyancy of the
ﬁsh [51]; a further rolemight be that of releasing high amounts of O2 to
the choroid rete in the eye [49,52].
The O2 equilibria of isolated trout Hb IV (Fig. 7) illustrate this
phenomenon, showing the variations possible within the scope of an
overall allostericmechanism. In view of the very lowO2 afﬁnity at acid
pH, which is demanded for the O2 pump to be effective for physiology,
the experiments required the use of high partial pressures of O2; a
special spectrophotometric cell capable of operating up to approxi-
mately 25 atmospheres had to be employed [53]. The thermodynamic
analysis of the O2 binding curves depicts the dramatic dependence of
shape on pH; the extremely low O2 afﬁnity displayed at pHb6.5 is
responsible for the fact that only partial saturation is achieved in air
and even in pure O2. The Hill plot of the data brings out the following
features: (i) the very large range of binding energies explored by the
system, corresponding to a shift in O2 afﬁnity of approximately three
orders of magnitude within two pH units; (ii) the tremendous
dependence on pH of the shape of the O2 binding curve, which is
clearly cooperative at pH 7.1 (n=2.2) while at pH 6.1 is strongly
“anti-cooperative” or heterogeneous (Fig. 7).
The determination of the O2 binding curves of trout Hb IV up to
high pressures allowed a quantitative comparison with the binding of
CO [54]. In the latter case, the thermodynamic analysis of the data
obtained by calorimetric and binding experiments provided clear
evidence for the strong dependence of the allosteric equilibrium
constant on the concentration of allosteric effectors, such as protons
and organic phosphates, by-and-large consistent with a simple MWC
model. Thus in going from pH 7.5 to pH 6 the value of L0 changes by
over 104 (see also Fig. 8); this drop accounts quantitatively for the pH
dependence of both the position and the shape of the CO equilibrium
curve, the Hill coefﬁcient (n) dropping at low pH to unity but never
below, contrary to the binding of O2 (Fig. 7).
In summary, the ligand (O2 and CO) binding behavior of trout Hb
IV is dominated by the strong linkage between proton binding and the
relative stability of the two allosteric states (Fig. 8); moreover the O2
binding curves at low pH show that the binding sites are strongly non
equivalent, presumably due to heterogeneity of the α and β chains in
the tetramer. The latter feature is characteristic of Root effect Hbs, and
assignment of the ultra-lowO2 afﬁnity to one of the two types of chain
is discussed below.The pH dependence of quaternary state for the fully liganded CO-
bound trout Hb IV was substantiated by optical spectroscopy (Fig. 9)
[55–57]. The Soret absorption band of trout Hb IV fully saturated with
CO is red shifted by about 1 nm in going from pH 8 to 6; no pH-
dependent difference spectra of comparable magnitude have been
detected for the deoxygenated derivative of trout Hb IV, nor for trout
Hb I (as carbomonoxy- or deoxy- derivatives). Similar difference
spectra were obtained, at constant pH, by addition of IHP, showing the
expected stabilizing effect organic phosphates on the “low afﬁnity”
state of liganded trout Hb IV. The existence of isosbestic points in the
pH-dependent difference spectra is in agreement with the presence of
only two spectral species in pH-dependent equilibrium; the exper-
imental data can be ﬁtted to a simple titration curve, with pK 6.5,
suggesting that only one type of ionizable group is involved. In the
presence of IHP (10−3 M) a similar effect was observed; the higher pK
of the transition is consistent with the cooperative effect that protons
and organic phosphate exert on the stabilization of the T state.
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and indeed of many Root effect Hbs, may be understood on the basis
of at least two categories of allosteric phenomena. One involves a
proton-linked quaternary conformational change, such that lowering
the pH induces the transition from RHb(CO)4 to THb(CO)4 without
ligand release (Fig. 9). This is reﬂected in the pH dependence of the
allosteric constant L0 (Fig. 8) whereby the T state is stabilized at low
pH even in the fully liganded form and thus cooperativity is lost; this
conclusion is demonstrated by the thermodynamic analysis of O2 and
CO binding, by optical spectroscopy in the Soret band, and by
overwhelming additional evidence. The other involves proton-linked
tertiary structural changes, which are grossly different for the two types
of chain; the latter feature is generally characteristic of Root effect Hbs
and is a crucial component for the efﬁcient O2 pumping into the swim
bladder. Assignment of the ultra-low O2 afﬁnity to one or the other of
the two types of chain is a challenge. The net result of these two types
of linkage is a strong dependence of the Bohr effect on ligand
saturation.4.1. Stereochemical interpretation of the Root effect
According to themodel outlined above, the 3D structure of ﬁsh Hbs
should reveal some peculiar interactions that may account for the
dramatic pH dependence of the allosteric properties and must involve
ionizable groups that may either over-stabilize the T state or
destabilize the R state as pH is mademore acidic. Analysis of sequence
peculiarities in the light of the known 3D structures has been
attempted.
Over the last 10 years the structure of a several ﬁsh Hbs has been
published [58–60]. The latest and possibly more complete piece of
work has been reported by the group of Jeremy Tame [60] using tuna
ﬁsh Hb. This is particularly relevant since the O2 binding curves of
tuna Hb closely resemble those obtained on trout Hb IV and illustrated
in Fig. 7 (although no high pressure spectrophotometric cell was
employed for the tuna Hb O2 binding curves). The results reported on
other ﬁsh Hbs (Pagothenia bernacchi; Leiostomus xanthurus) have been
extensively discussed by Perutz [50] and more recently by Tame and
co-workers [60], who summarized suggestions and inconsistencies
emerging from those data; we refer the reader to that lucid discussion
that may be out of contest in this paper.Fig. 9. Optical spectra and quaternary changes. Left. Trout Hb IV fully saturated with CO chan
shift is consistent with a pH induced change in the population of the quaternary and tertiary s
and 20 °C. Right. Quaternary linked difference spectra for the carboxy hemes. Continuous th
(191 mM−1 cm−1). Continuous bold line depicts the difference spectrum of trout Hb IV-CO
from data by Martino and Ferrone [56] showing the spectral change associated with the R3
(Reproduced with permission from A. Bellelli and M. Brunori: Optical measurements of
(reproduced with permission from B. Giardina, F. Ascoli and M. Brunori: Spectral changes aIn the case of tuna Hb [60], the data made available show quite
clearly that many of the general structural features of the tetramer are
very similar to those of human Hb; in particular, (i) the active site
pocket; (ii) the overall quaternary structure; (iii) the allosteric
transition with rotation of the two αβ dimers; and (iv) the basic
stereochemical mechanism of control of the T state O2 afﬁnity.
The data on tuna Hb by Yokoyama et al. [60], obtained for the T
unliganded state at pH5 and 7.5 and for the R state (CO bound) at pH 8,
unveiled interesting aspects on interactions between proton binding
sites that are unique to ﬁsh Hbs and may provide a clue to the
structural interpretation of the Root effect. These are as follows:
a. A novel intra-chain salt bridge between His69β and Asp72β, found
in the T state at both pH values, which is broken in the structure of
the CO derivative releasing (presumably) up to 2 protons per
tetramer. This purely tertiary feature is purported to stabilize the T
state and therefore lower the overall O2 afﬁnity.
b. In the T state, a proton is shared between Asp96α1 and Asp101β2
both interacting with Ser98α by H-bond; this interaction is broken
in going to the R state, and being across the α1β2 interface it is
“likely to be directly linked to the allosteric switch” (sic[60]).
c. The most peculiar and dramatic change between the structures of
the T state at the two pHs involves the distal His60α (unfortu-
nately seen in the crystal only in one of the two α subunits). While
at pH 7.5 His60α is canonically facing the heme iron in the binding
pocket, at pH 5 it swings away from the cavity andmakes a H-bond
with one of the two propionates of the heme (replacing His46α
that makes this H-bond at pH 7.5); therefore no interaction
between bound O2 and the distal His is possible at low pH. This
structure is obviously expected to have a much lower O2 afﬁnity
given the crucial role of the H-bond between bound O2 and the
distal His in increasing afﬁnity (as shown beyond doubt by
mutagenesis on Mb and Hb; Birukou et al.[16] and references
therein). It seems reasonable to propose that this represents the
structural basis for the very low afﬁnity seen at acid pH for one of
the two types of subunits, which – as outlined above – is
responsible for the peculiar biphasic O2 binding curve typical of
most ﬁsh Hbs (see Fig. 7 for trout HbIV and Fig. 2 of [60]). This
hypothesis is consistent with the observation that in the case of
CO, a ligand that does not establish a H-bond with the distal His,
the functional heterogeneity is usually minor or absent.ges its optical spectrum in going from pH 8.1 (reference base line) to pH 6.2. The Soret
tates, shifting from R4 to T4 in going to acid pH. Buffer 0.05 M bis–tris, [Hb]=6 μMheme
in line depicts the spectrum of human HbCO (maximum at 419) nm and its extinction
between pH 6.2 and pH 8.0, as obtained by Giardina et al.[55] see above). Squares are
–T3 conformational switch, as obtained by modulated photo excitation.
quaternary structural changes in hemoglobin, Meth. Enzymol. 232 (1994) 56–71)
nd allosteric transition in trout haemoglobin, Nature 256 (1975) 761–762).
1270 A. Bellelli, M. Brunori / Biochimica et Biophysica Acta 1807 (2011) 1262–1272It may be noticed that the data reported by Yokoyama et al. [60]
explain the large Bohr effect and functional heterogeneity of T state
Hb but are somewhat less satisfactory as an explanation of the
overstabilization of the liganded T state (or destabilization of the R
state) at acidic pH.
A different but not necessarily alternative mechanism to account
for the stabilization of the T state by acidic pH had been proposed by
Perutz and Brunori [61]. This was based on Perutz's hypothesis that in
the T structure of human Hb and indeed of all Hbs that exhibit a Bohr
effect, the imidazole of the C-terminalHis146β forms a salt bridgewith
Asp or Glu94 or Glu 90 (residue numbers for human HbA) of the same
chain (see Fig. 10); this raises the pK of the His. The C-terminal
carboxyl of the same His interacts by salt bridge with the invariant Lys
40α in the T state of all Hbs. Upon switching from the T to the R state,
His146β becomes less ordered, its carboxyl group forming a salt bridge
with Lys144 of the same β chain whereas its imidazole group is free;
the distance between its N and the carboxyl of Asp 94 is increased from
2.8 Å in the T state to 9 Å in the R state. Lys144β, to which the terminal
carboxyl binds in the R state, is invariant inmammals; but in those ﬁsh
Hbs that exhibit a Root effect it is replaced by Gln, which would not
bind the carboxyl (Fig. 10). Thus less energy is needed to move
His146β towards Asp 94β in going from the R to the T state.
In mammals, position 93β is occupied by Cys whose sulphydryl
group takes up one of two alternative positions, either in the pocket
between helices F and H or external. In the R state the SH group
oscillates between these two positions, while in the T structure the SH
is out of the Tyr pocket but screened from access to reagents by
His146β. The sulphydryl forms no, or only very weak, H-bonds with
its neighbors. An important peculiarity of ﬁsh Hbs (and indeed of all
Hbs displaying a Root effect) is the replacement of Cys93β by Ser.
Since the SH is 25 times more hydrophobic than the hydroxyl of Ser
and the hydration potential of the latter is more favorable, the side
chain of Ser is likely to prefer the external position. In the T state, the
OH of Ser93β is so placed that it can donate anH-bond to the unbound
terminal oxygen atom of His146β and accept an H-bond from the
peptide NH of His146β (Fig. 10); these bonds should stabilize the C-
terminal salt bridges in the T state and thereby raise the allosteric
constant, lower the O2 afﬁnity and raise the pK of His146β. At low pH,
this network of interactions may also allow His146β to form a salt
bridge with Glu94β in the R state; if it did, acidic pH would decrease
the afﬁnity of the T as well as the R state. In summary Perutz andFig. 10. Schematic drawing of the C-terminal salt bridges and the role of residue F9β in the
(Reproduced with permission from M.F. Perutz and M. Brunori: Stereochemistry of cooperaBrunori [61] proposed that the H-bonds formed by Ser93β are a prime
cause of the Root effect, which led to the prediction that the Root
effect should be abolished in ﬁsh Hbs from which His146β has been
chopped off. Two important features of this model are (i) the H-bonds
identiﬁed as relevant to the presence or absence of the Root effect are
all directly or indirectly involved in the quaternary allosteric
structural change, i.e., they contribute to determine the value of the
allosteric constant L0; and (ii) it suggests that the ligand afﬁnity of the
R state of Root effect Hbs may be lowered (consistently with Eq. 4).
Thus the model directly addresses the fundamental functional
property of the Root effect, i.e., the structural reason why L4≫1. On
the other hand, the model by Perutz and Brunori does not address the
problem of the large functional heterogeneity of the two subunits in
the T state of trout Hb IV.
This hypothesis has been discussed by Yokoyama et al. [60], who
pointed out that some data obtained with carp Hb would be
consistent with the analysis by Perutz and Brunori [61], but raised
some objections, namely, (i) that mutation of Cys93β to Ser in human
Hb did not produce the Root effect and (ii) that in the T-state crystals
of tuna Hb, which contains Ser93β, the Asp 94βmakes a H-bond with
Ser 93β but is too far (b3.5 Å) to make the bonding interaction with
His 146βwhich was postulated by Perutz and Brunori to be crucial for
the stabilization of the T state at low pH. Although more work is
needed to clarify these apparent inconsistencies, it seems to us that
each hypothesis has merits and that the two complement each other,
Perutz and Brunori's beingmore directed at explaining the quaternary
effects and Yokoyama's tertiary ones.5. Epilogue
Half a century ago in July 1961, Jacques Monod and Francois Jacob
coined the deﬁnition “allosteric” inhibition, as written in their general
comments to the experiments by Jean-Pierre Changeux on the
enzyme L-threonine deaminase reported in the Cold Spring Harbor
Symposium on Quantitative Biology (see [2]). The Monod–Wyman–
Changeux model [1], a remarkable conceptual evolution in the ﬁeld of
biological regulation, was based on the idea that two quaternary
states of an oligomeric protein characterized by different structural
and functional properties are both accessible at equilibrium even in
the absence of a ligand, although they are differently populated; andT and R structures of mammalian and ﬁsh hemoglobins.
tive effects in ﬁsh and amphibian haemoglobins, Nature 299 (1982) 421–426).
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population ratio coupled to ligand/substrate binding.
For many years, only a limited number of allosteric proteins
besides the classic paradigmatic case of hemoglobin were extensively
studied. But over the last 20 yearsmore andmore systems, and indeed
also some monomeric proteins, proved to be characterized by a
complex behavior that demanded the application of the concepts of
the allosteric theory. Extended application of the idea implied that
some of the “canonical” MWC assumptions had to be sacriﬁced.
A crucial aspect of allostery is the understanding, at the molecular
level, of themechanismwhereby tertiary structural changes occurring
at the “active site” upon substrate/ligand binding shift the equilibrium
between quaternary states (R and T) of themacromolecule. Numerous
experiments on tetrameric Hbs (including many on proteins from
other species over-and-above human), and extensive theoretical
studies have shown (i) that tertiary and quaternary structural changes
are indeed coupled and (ii) that tertiary relaxations are faster than
quaternary conformational changes [19,62,63]. Thus the concept that
there are in principle two tertiary structures (called t and r)whichmay
be populated and thus detectable in both the T and R quaternary states
has been discussed and recently embedded into a comprehensive
kinetic mechanism [17]. The complex and intriguing aspects dealing
with the molecular mechanism whereby in tetrameric Hbs the T state
has low O2 afﬁnity have been extensively discussed, starting from
Perutz's stereochemical model [7]. In human Hb the energetic
contributions involve both the perturbations of the salt bridges and
the stereochemical ﬁt of residues at the α1β2 interface (Fig. 4) that
relay the ligand induced strain originating from tertiary changes. In
this respect the case of trout Hb I (extensively illustrated above) is in
complete agreement and supports this interpretation given that
cooperative O2 binding and allosteric regulation depend only on steric
constrains at the dimer–dimer interface, because salt bridges and
heterotropic effects are absent [36]. The crystallographic structure of
trout Hb I [39] provides convincing proof for the presence of ligand
linked tertiary and quaternary changes upon ligand binding to deoxy T
state; the energetic gap between allosteric states being as expected
smaller than in the case of human Hb.
The properties of trout Hb IV have been summarized in some detail
because this type of Hbs from ﬁsh blood are paradigmatic of a
canonical feature of the MWC model, namely that the relative
population of the two allosteric states can be shifted by the
preferential binding of regulatory (or signaling) molecules; in
tetrameric Hbs this is the case for protons, DPG and other small
molecules that have higher afﬁnity for the T state. As discussed above,
the peculiar behavior of trout Hb IV and all ﬁsh Hbs characterized by
the Root effect [8,36] is a potent stabilization of the T state by protons;
therefore at acid pH (b6.5) ligand binding occurs exclusively to the
low afﬁnity state and is non-cooperative (in principle n=1, but see
below). In human Hb cooperativity is marginally but signiﬁcantly
dependent on pH, an effect easily reconciled with themodel. Evidence
for stabilization of the T state in trout Hb IV is convincing; some
hypothesis about the molecular mechanism(s) based on crystallo-
graphic structures was commented above, without unfortunately
arriving at a consensus clear-cut interpretation. It may be recalled that
this behavior is reminiscent of that discovered in the pathological Hb
Kansas (Asn 102β -NThr); this mutation perturbs the α1β2 interface
(see Fig. 4) and stabilizes the T state such that O2 afﬁnity is very low
and n=1 (see [10] and references therein).
In the case of Root effect ﬁsh Hbs however, the O2 binding curves at
low pH are apparently “anti-cooperative”, the Hill coefﬁcient
being≪1 (see Fig. 7). Negative cooperativity has been often reported
in the biochemical literature, leading in some cases to the deﬁnition of
the so-called half hearted enzymes. This phenomenon is not described
within the framework of the MWCmodel. However for the Root effect
Hbs, the molecular basis of the extreme dependence of the O2
saturation curve on pH (Fig. 7) is totally different. It is linked toheterogeneity between the two types of chain which becomes
extreme at acidic pH leading to very, very low O2 afﬁnity for one
type of chain (with p(O2)1/2 of many atm of O2 in the case of abyssal
ﬁshes). The identiﬁcation of the type of chain acquiring extremely low
afﬁnity and of the ionizable groups involved has been discussed
above; in spite of some uncertainties, the data by Yokoyama et al. [60]
suggest that the α chains acquire very low afﬁnity possibly because of
loss of the stabilizing effect of the distal His E7 on the bound O2.
Over the last 10 years the concept of allosteric regulation has been
extended and applied to monomeric proteins, in some cases with
compelling evidence from experiments and simulations that two
(tertiary, of course) conformational states exist even in the absence of
ligand and/or activation. A population shift coupled to binding and
underlying regulation has been successfully employed to describe
sophisticated structural and functional data. This extended view led to
relax one more constrain expressed in the canonical MWCmodel, i.e.,
the need for an oligomer. In these cases that include several
interesting regulatory systems with widespread functional repertoire,
it may be advisable to avoid the use of the term “cooperative” which
was coined and employed for homotropic interactions among
multiple binding sites; or at least the author should make sure that
the reader understands. Likewise it seems peculiar to let believe that
ligand-linked “population shift” of conformational variants implies a
“new view” of allostery [64–66]. As spelled out in biochemistry
textbooks, this was the founding concept of the MWC model, the two
allosteric states being both populated even in the absence of the
ligand/substrate. This point has been lucidly discussed by Cui and
Karplus [62] in a recent review that should not be missed; we fully
endorse their conclusion on this point, namely “.the most important
aspect of the “new view” is that it revived an interest in allostery, which
had been a neglected ﬁeld in biophysics for some years.”Acknowledgments
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